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Abstract 
 
 
Beach fouling is a problem in the Great Lakes. We surveyed beaches along the 
southwestern shore of Saginaw Bay to determine the spatial and temporal distribution of 
beach fouling (muck), muck composition, and any relationship between muck accrual 
and weather conditions. Muck deposition was greater towards the end of the growing 
season. The Bay City Recreation Area (BCRA) had the highest frequency of muck 
presence. BCRA muck depth was much greater in 2010 and 2011 than in 2012 and 2013. 
No sites differed in muck depth in 2012, but in 2013 the two southernmost sites tended to 
have greater muck depth. BCRA muck composition differed from that of all other sites. 
Southern sites had the higher percentages of amorphous material, while the northern sites 
had more fresh algae. There were no simple patterns between muck deposition and 
weather conditions. A combination of factors may be required to accurately predict muck 
deposition events. 
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Introduction 
 
Shoreline fouling (aka “muck” deposition) has been a large problem in the Great 
Lakes in the past decades (Higgins et al., 2008, Harris, 2004). Much of the “muck” on 
most Great Lakes beaches is composed of accumulations of decomposing algae, often the 
green alga Cladophora (Harris, 2004), although other materials such as amorphous 
detritus may contribute to shoreline fouling (Saginaw Bay Science Committee Pathogen 
Work Group, 2007). Algae such as Cladophora are detached from the bottoms of the 
lakes by wind and water movements, and are then washed ashore. These algae form 
“muck” which resembles sewage in appearance and odor (Saginaw Bay Science 
Committee Pathogen Work Group, 2007). This consequently reduces beach use and leads 
to negative economic impacts to coastal areas. Many beautiful lakeshore beaches have 
been closed to the public in the past decades (Englebert et al., 2008, Harris, 2004). 
Shoreline fouling also reduces the quality of the water and property values (Harris, 2004). 
Decomposing algal mats on the shoreline can also be a threat to human health 
because these algal mats can harbor and promote growth of pathogens (Englebert et al., 
2008, Saginaw Bay Science Committee Pathogen Work Group, 2007). Many studies on 
the beaches of the Great Lakes have shown that the presence of Cladophora in shore 
water or on sand increases the concentration of E.coli in beach waters (Englebert et al., 
2008 and Ishii et al., 2006).  Decomposing algae may provide nutrients for bacterial 
growth (Englebert et al., 2008, Whitman et al., 2003), and bacteria may attach to the 
algae and to survive for longer than they would in the water (Byappanahalli et al., 2003, 
Whitman et al., 2003, Olapade et al., 2006). In Saginaw Bay, 25, 14, 16 and 11 beaches 
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were closed in 2003, 2004, 2005 and 2006, respectively, because the waters exceeded the 
limits for E. coli contamination (Saginaw Bay Science Committee Pathogen Work 
Group, 2007). 
The Great Lakes have experienced muck problems in the past. The first 
complaints about Cladophora fouling the beaches on the Great Lakes were in the 1950’s, 
and by the 1960’s the algal blooms were a significant problem, including in Lake Huron 
(Saginaw Bay Science Committee Pathogen Work Group, 2007). These algal blooms and 
shoreline fouling were mainly the result of excess phosphorous loading to the Great 
Lakes; after restriction of phosphorous inputs, Cladophora biomass and shoreline fouling 
was significantly reduced in most areas of the Great Lakes (Higgins et al., 2008). 
Beach fouling by Cladophora has once again increased after the invasion of 
Dreissena mussels in the Great Lakes (Vanderploeg et al., 2002). Since 1994, 
Cladophora fouling has occurred on beaches in Lakes Erie and Ontario, despite no 
detectable increase in phosphorus loading (Hecky et al., 2004). This situation suggests 
that the increase in clarity of the water caused by invasive mussels (Vanderploeg et al., 
2002 and Hecky et al., 2004) has changed the algal abundance and biomass depth 
distribution (Holland, 1993; Howell et al., 1996; and Higgins et al., 2008). Increased 
water clarity allows additional light to reach the lake bottom, permitting algae to grow 
abundantly and to greater depths on the lake floor, and these algae can be released and 
washed ashore (Higgins et al., 2008). Furthermore, invasive mussels can alter lake 
phosphorus cycles when they release feces and organic waste (Orlava et al., 2004, James 
et al., 2001), shifting phosphorus from planktonic to benthic habitats and fertilizing 
benthic algae such as Cladophora (Hecky et al. 2004). Francoeur et al. (2014) found that 
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filamentous benthic algae in Saginaw Bay occurred more frequently in areas where 
mussels were found than in areas without mussels. 
Saginaw Bay is a 2960 km2 extension of Lake Huron and is located on the east 
side of Michigan’s Lower Peninsula. In 1988, Saginaw Bay was declared an Area of 
Concern in response to high concentrations of phosphorus, bacteria, decreased recreation 
in the area, and concerns about fish consumption (Selzer et al., 2008). At that time, most 
of the problems with water quality were related to pollution from industries and domestic 
wastewater. Since then, many projects have been conducted in order to reduce pollution 
in Saginaw Bay and improve water quality (Selzer et al., 2008). Most problems were 
reduced with the enforcement of the National Pollutant Discharge Elimination System 
requirements (Selzer et al., 2008). However, the occurrence of consistent and localized 
muck has been observed in the Saginaw Bay (personal communication, Scott Peacor, 
Michigan State University, Dept. of Fisheries and Wildlife). 
Saginaw Bay appears to be unusual with respect to shoreline fouling. The 
historical reductions in phosphorus loading which reduced shoreline fouling on other 
areas of the Great Lakes did not appear to be effective at some Saginaw Bay beaches, 
based on park ranger logbooks (Stow et al., 2014). Muck composition in Saginaw Bay 
may also be more diverse than at other places in the Great Lakes. Currently, Cladophora 
is the major alga fouling most of the beaches on the Great Lakes, although the alga Chara 
has also been observed in muck on the shores of Lake Huron (Higgins et al., 2008). In 
contrast, anecdotal observations suggest that Saginaw Bay beaches have been fouled by 
several taxa of filamentous algae including, but not limited to, Cladophora, Chara, and 
macrophytes. Observations of Saginaw Bay shoreline suggest that there can be large 
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variation in muck deposition from year to year (Stow et al., 2014). Therefore, long-term 
quantitative observations are necessary in order to understand the process of muck 
deposition on Saginaw Bay.  
Little is known about the composition of Saginaw Bay muck and what is causing 
it to accumulate on the shores of the Bay. Therefore, we investigated 1) what types of 
algae and other organic material are fouling the southwest shores of Saginaw Bay, 2) 
spatial and temporal distribution of muck abundance on beaches, and 3) relationships 
between environmental factors and muck accrual. Based on historical accounts and 
preliminary observations, we predicted large spatial and temporal variation in muck 
abundance and composition. We hypothesized that environmental factors (wave height, 
wind direction, wind speed, water surface temperature and water level) would show a 
relationship to muck accrual.	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Methods 
 
Study Sites 
Shoreline fouling was assessed along the southwest shoreline of Saginaw Bay, 
Lake Huron. Muck surveying and sampling were conducted at seven sites on Saginaw 
Bay: Cottage Grove, Lebourdais, Wenona, Rosebud, Bay City Recreational Area 
(BCRA), Big Killarney, and Little Killarney (Figure 1). These sites were chosen based on 
accessibility to the beach and previous reports of shoreline fouling. 
 
Figure 1. Study sites in Saginaw Bay. 
 
Field Methods 
Sites were surveyed from May to August from 2010 to 2013. In the field, we 
observed whether there was non-decomposed identifiable material (green muck) or 
decomposing material (brownish muck); estimated abundance of muck as either 1) 
	   	   	  
	   	  
	   	  
Linwood Lebourdais Cottage	  Grove 
Big	  Killarney Little	  Killarney 
BCRA 
	  Wenona 
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abundant (very noticeable, stretches ≥ 4 meters from the water up onto the beach and has 
some depth), 2) moderate (still noticeable, but not as substantial; could be thin in depth; 
between 1-4 meters from the water up onto the beach), 3) rare (hardly noticeable, just a 
thin strip on the beach with very shallow depth) or 4) absent (no muck at all); muck depth 
in centimeters; distance from the waterline to the landward end of muck in meters, and 
distance from the waterline to the lakeward end of muck in meters. At each site from 
2010 to 2013, measurements of the muck depth were taken starting from the waterline 
and ending on the beach in 0, 0.5, 1, 1.5, 2, 4, 6 meter increments. When muck 
abundance was rare, muck depth was recorded as 0. The distance from the waterline to 
the landward end of muck was measured from 2011 to 2013, and the distance from the 
waterline to the lakeward end of muck was measured only in 2012 and 2013. 
Muck samples were collected from the beach and from the water when possible. 
When abundant muck was observed at a surveying site, muck was collected at multiple 
points at that site. The BCRA had most of the observed muck; therefore, more samples 
were collected from this site than from any other site. Samples were collected by hand 
and placed in resealable bags. Muck samples from 2010 and 2011 were collected and 
preserved in 5% glutaraldehyde. Muck samples from 2012 and 2013 were collected and 
preserved by freezing (-10°C). Collected samples were taken to the lab for further 
analysis. 
 
Laboratory Methods 
Muck samples were thawed, if necessary, placed on an enamel tray, and the 
relative percentage of five different categories was visually estimated at a macroscopic 
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scale. The five categories were: 1) Green filamentous algae, 2) Macrophytes, 3) 
Microcystis colonies, 4) Charophytes, and 5) Amorphous material. Samples preserved in 
5% glutaraldehyde were observed under a fume hood. 
To assess muck composition at a microscopic scale, wet mounts were prepared 
for each sample and observed under the microscope. Frozen muck samples were first 
thawed and muck samples preserved in glutaraldehyde were rinsed once a day for five 
days prior to preparing wet mounts. A subsample of the macroscopically amorphous 
material and a separate subsample of the filamentous green algae (when present) were 
each observed under the microscope. On a microscopic scale, algal taxa, amorphous 
detritus, plant fragments, and animal material were visually identified and quantified by 
percentage coverage under a compound microscope at a magnification of 400x. Observed 
algae were identified and placed into the following categories: 1) Microcystis, 2) Other 
Blue Green Algae, 3) Diatoms, 4) Oedogonium, 5) Microspora, 6) Mougeotia, 7) 
Zygnema, 8) Spirogyra, 9) Cladophora, 10) Compsopogon, 11) Rhizoclonium, 12) 
Hydrodiction, 13) Pediastrum, 14) Scenedesmus, 15) Cosmarium, 16) Trebonema, 17) 
Green Colonial Algae, 18) Undeterminable Zygnematales, and 19) Unidentifiable 
Filamentous Green Algae. Since most of the muck was already decomposing when 
collected, sometimes it was not possible to distinguish among Zygnema, Spirogyra and 
Mougeotia, In this case, the green filaments were included in the category 
Undeterminable Zygnematales. When it was not possible to identify a filamentous green 
alga due to the decomposing conditions, then the filaments were included in the category 
of Unidentifiable Filamentous Green Algae. 
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Data Analysis 
Presence/absence and abundance of muck. The frequencies of presence and 
absence of muck at each site in 2012 and 2013 were compared using chi-square analysis. 
Since the frequencies were significantly different among sites, we subdivided 
contingency tables to determine which sites differed from each other. The level of muck 
abundance, visually determined in the field (abundant, moderate, rare and absent), was 
also compared among sites using chi-square analysis. 
 
Muck depth. To examine spatial and temporal patterns in muck depth, the data 
for each site were plotted by year. Data for all sampling sites were available only for 
2012 and 2013. For the years of 2010 and 2011 we only had data from the BCRA. In 
2010, depth measurements were taken from multiple transects at the BCRA, so 2010 
depth measurements are the average of transects. 
Analysis of variance was conducted to examine differences in muck depth at the 
BCRA among years (2010 to 2013). The Tukey HSD multiple comparison test was done 
to determine which years differed from each other. Two-sample t-tests were used to 
examine if the other sites differed in muck depth between 2012 and 2013. ANOVA was 
used to examine differences among sites in 2012, and randomized block ANOVA was 
used to examine differences in muck depth among sites in 2013. We did not use 
randomized block ANOVA in 2012 because of lack of data for some sites on some 
sampling dates. When there was a significant difference in muck depth among sites 
within a year, then the Tukey HSD multiple comparison test was done to determine 
which sites differed from each other. 
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Distance from the waterline to the lakeward end of muck. Spatial and 
temporal patterns in distance from the waterline to the lakeward end of muck were 
analyzed. The distance from the waterline to the lakeward end of muck was measured 
only in 2012 and in 2013 at all sites. ANOVA was used to examine differences among 
sites in 2012, and randomized block ANOVA was used to examine differences in muck 
depth among sites in 2013. We did not use randomized block ANOVA in 2012 because 
of lack of data for some sites on some sampling dates. The Tukey HSD multiple 
comparison test was used to determine which sites differed from each other. Pearson 
correlation analysis was used to quantify the relationship between muck depth and 
distance from the waterline to the lakeward end of muck at the sites where data was 
collected (Wenona, BCRA, Big Killarney and Little Killarney) from 2012 to 2013. 
 
Distance from the waterline to the landward end of muck. Spatial and 
temporal patterns in distance from the waterline to the landward end of muck were 
analyzed. ANOVA was used to examine differences in this distance among years at the 
BCRA. Pearson correlation analysis was used to quantify the relationship between muck 
depth and distance from the waterline to the landward end of muck at the BCRA from 
2011 to 2013. ANOVA was used to examine differences among sites in 2012, and 
randomized block ANOVA was used to examine differences in muck depth among sites 
in 2013. We did not use randomized block ANOVA in 2012 because of lack of data for 
some sites on some sampling dates. If there was a significant difference between those 
distances among sites, then the Tukey HSD multiple comparison test was done to 
determine which sites differed from each other. Pearson correlation analysis was also 
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used to quantify the relationship between muck depth and distance from the waterline to 
the landward end of muck in 2012 and 2013 at the other sites where data was collected 
(Wenona, Big Killarney and Little Killarney). 
 
Environmental conditions and muck deposition. Average muck depth at the 
BCRA was compared to weather records to determine if changes in muck abundance at 
the BCRA were related to environmental conditions. Wind direction, wind speed, 
significant wave height (average of the highest one third waves in a day), surface water 
temperature, and Lake Huron water levels were the environmental conditions considered. 
Weather records were obtained from the National Oceanic and Atmospheric 
Administration Great Lakes Environmental Research Laboratory 
(www.glerl.noaa.gov/res/recon/station-sbb.html). The Saginaw Bay buoy was the source 
of wave height, wind speed, wind direction and surface water temperature measurements.  
It was located 43° 59.328´ N and 83° 36.004´ W at a depth of approximately 11 meters 
(Stow et al., 2014). Daily averages for each environmental factor were calculated and 
plotted with the average muck depth for each surveying date in 2010, 2012 and 2013 to 
detect weather-related patterns for muck accumulation at the BCRA. We plotted muck 
depth measurements from the BCRA with each environmental condition to look for 
values of wind direction, wind speed, significant wave height (average of the highest one 
third waves in a day), and surface water temperature which occurred consistently 
immediately prior to muck deposition, but did not occur during periods of no muck 
accrual. Significant wave height measurements were available only for 2012 and 2013. 
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The year of 2011 was excluded from the weather data analysis because there were 
insufficient available data for this year.  
Annual Lake Huron water levels from 2010 to 2013 were compared to the mean 
annual muck depth at the BCRA. Pearson correlation analysis was used to determine if 
there was a correlation between muck depth and water levels. 
 
Muck composition. Principal Component Analysis (PCA) was used to 
summarize muck composition among sites. Macroscopic and microscopic data were 
combined by multiplying the percent abundance of the macroscopic categories of 
amorphous material and filamentous green algae by the corresponding abundance 
percentages from the microscopic observations of subsamples from these categories. This 
resulted in total of 24 possible muck composition categories.  
Since all of our data were expressed in a single scale (percentage) we used 
covariance-based PCA. PCA was applied to show association patterns of individual muck 
samples based on similarities in muck composition over time and space. Temporal 
patterns of muck composition were analyzed by month (May to August), and spatial 
patterns of muck composition were analyzed by sampling sites. Muck categories with the 
highest factor scores were used to create vectors on the PCA graph to aid interpretation of 
the PCA output. Selected factor scores were scaled to fit the PCA biplot. 
To test whether sites differed in muck composition, MANOVA was applied to 
PCA scores by month and by site. Furthermore, a Bonferoni-based multivariate multiple 
comparison test was done to determine which sites differed. If sites differed in PCA 
scores, then we examined if they differed on one or both axes. 
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Results 
 
Presence/Absence and Abundance of Muck 
At the BCRA, muck was always present (May – August, 2010 – 2013) (Table 2). 
At Linwood and BCRA the frequency of muck presence didn’t change from 2012 to 
2013, but there was a decrease in frequency of presence of muck at Lebourdais, Cottage 
Grove and Little Killarney. In contrast, the frequency of muck presence increased at Big 
Killarney and Wenona (Table 1). The frequencies of presence and absence of muck 
among sites in 2012 and 2013 were significantly different (X2=38.59). Subdividing the 
Chi-square contingency table showed that the frequencies among Big Killarney, Cottage 
Grove and Linwood were not significantly different (X2=0.62). Wenona and Little 
Killarney also did not differ significantly (X2=0.07). Considering Wenona and Little 
Killarney versus BCRA, Wenona and Little Killarney had significantly different 
frequencies from the BCRA (X2=39.74). 
 
Site	  
2012	   2013	  
Presence	  
First	   Last	  
Field	  
Identifiable	  
Presence	  
First	   Last	  
Field	  
Identifiable	  
sample	   sample	   material	   sample	   sample	   material	  
Linwood	   57%	   2-­‐May	   12-­‐Jul	   50%	   57%	   31-­‐May	   21-­‐Aug	   100%	  
Lebourdais	   22%	   2-­‐May	   30-­‐May	   50%	   0%	   31-­‐May	   21-­‐Aug	   	  -­‐-­‐-­‐-­‐	  
Cottage	  
Grove	   75%	   12-­‐May	   12-­‐Jul	   50%	   50%	   31-­‐May	   21-­‐Aug	   100%	  
Big	  Killarney	   50%	   13-­‐Jun	   27-­‐Jun	   100%	   83%	   31-­‐May	   21-­‐Aug	   50%	  
Little	  
Killarney	   100%	   16-­‐May	   12-­‐Jul	   25%	   86%	   14-­‐Jun	   21-­‐Aug	   33%	  
BCRA	   100%	   2-­‐May	   12-­‐Jul	   0%	   100%	   14-­‐Jun	   21-­‐Aug	   0%	  
Wenona	   71%	   30-­‐May	   14-­‐Aug	   60%	   100%	   31-­‐May	   21-­‐Aug	   14%	  
Table 1. Frequency of presence of muck, first and last date of surveying, and percentage of field identifiable 
material in muck for the years of 2012 and 2013. Sites are listed based on their location in the Bay, from north to 
south. 
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SITES	  
2010-­‐2011	   2012-­‐2013	  
PRESENCE	   ABSENCE	   PRESENCE	   ABSENCE	  
Linwood	   -­‐-­‐-­‐-­‐-­‐	   -­‐-­‐-­‐-­‐-­‐	   8	   6	  
Lebourdais	   -­‐-­‐-­‐-­‐-­‐	   -­‐-­‐-­‐-­‐-­‐	   2	   13	  
Cottage	  Grove	   -­‐-­‐-­‐-­‐-­‐	   -­‐-­‐-­‐-­‐-­‐	   9	   5	  
Big	  Killarney	   -­‐-­‐-­‐-­‐-­‐	   -­‐-­‐-­‐-­‐-­‐	   8	   4	  
Little	  Killarney	   -­‐-­‐-­‐-­‐-­‐	   -­‐-­‐-­‐-­‐-­‐	   12	   1	  
BCRA	   33	   0	   12	   0	  
Wenona	   -­‐-­‐-­‐-­‐-­‐	   -­‐-­‐-­‐-­‐-­‐	   11	   2	  
Table 2. Presence and absence of muck. The numbers represent the number of  
surveying dates that muck was present or absent. In 2010 and 2011, observations  
on presence and absence of muck were only recorded for the BCRA 
 
 
Besides the constant presence of muck at the BCRA, we tended to observe greater 
abundance of muck at the BCRA (Table 3). There was a significant difference in muck 
abundance among sites (X2=73.05). Subdividing the Chi-square contingency table 
showed that Wenona, BCRA and Linwood did not differ significantly (X2=7.93), and Big 
Killarney and Little Killarney did not differ significantly either (X2=6.11). Muck 
abundance did not differ between the former and latter groups (X2=0.11). Muck 
abundance at Lebourdais and Cottage Grove significantly differed (X2=9.5). At Cottage 
Grove, muck was present at most of the sampling dates; however, muck at this site was 
always rare when present (Table 3). At Lebourdais, presence of muck was only observed 
in May of 2012 (Table 4). At Linwood we observed a substantial presence (Table 4) and 
abundance (Table 3) of algae fouling the shoreline, but in contrast to Wenona, BCRA and 
Little Killarney, it was fresh algae floating on water near the shore.  
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SITE	  
Abundance	  
Total	  of	  
surveys	  Abundant	   Moderate	   Rare	   Not	  at	  all	  
	   2010-­‐2011	   2012-­‐2013	   2010-­‐2011	   2012-­‐2013	   2010-­‐2011	   2012-­‐2013	   2010-­‐2011	   2012-­‐2013	   2010-­‐2013	  
Linwood	   -­‐-­‐-­‐	   5	   -­‐-­‐-­‐	   3	   -­‐-­‐-­‐	   0	   -­‐-­‐-­‐	   6	   14	  
Lebourdais	   -­‐-­‐-­‐	   0	   -­‐-­‐-­‐	   0	   -­‐-­‐-­‐	   2	   -­‐-­‐-­‐	   13	   15	  
Cottage	  Grove	   -­‐-­‐-­‐	   0	   -­‐-­‐-­‐	   0	   -­‐-­‐-­‐	   9	   -­‐-­‐-­‐	   5	   14	  
Big	  Killarney	   -­‐-­‐-­‐	   2	   -­‐-­‐-­‐	   1	   -­‐-­‐-­‐	   5	   -­‐-­‐-­‐	   4	   12	  
Little	  Killarney	   -­‐-­‐-­‐	   2	   -­‐-­‐-­‐	   6	   -­‐-­‐-­‐	   4	   -­‐-­‐-­‐	   1	   13	  
BCRA	   21	   5	   10	   7	   2	   0	   0	   0	   45	  
Wenona	   -­‐-­‐-­‐	   5	   -­‐-­‐-­‐	   5	   -­‐-­‐-­‐	   1	   -­‐-­‐-­‐	   2	   13	  
Table 3. Abundance of muck at all sampling sites from 2010 to 2013. The numbers show how many times 
muck was abundant, moderate, rare or not present at all. Abundance was determined by visual 
observations. Abundant: very noticeable, stretches out 4 meters of more and has some depth. Moderate: 
still noticeable, but not as substantial; could be thin in depth; between 1-4 meters in length on beach. Rare: 
hardly noticeable, just a thin strip on the beach. In 2010 and 2011 only BCRA was surveyed. 
 
 
SITES	  
2010	   2012	   2012	   2013	  
PRESENCE	   ABSENCE	   PRESENCE	   ABSENCE	   PRESENCE	   ABSENCE	   PRESENCE	   ABSENCE	  
Linwood	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   4	   3	   4	   3	  
Lebourdais	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   2	   7	   0	   6	  
Cottage	  Grove	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   6	   2	   3	   3	  
Big	  Killarney	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   3	   3	   5	   1	  
Little	  Killarney	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   6	   0	   6	   1	  
BCRA	   29	   0	   4	   0	   6	   0	   6	   0	  
Wenona	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   -­‐-­‐-­‐	   5	   2	   6	   0	  
Table 4. Presence and absence of muck by year. In 2010 and 2011 observations were recorded for the BCRA 
only. 
 
 
Muck Depth 
At the BCRA, muck depth was greater in 2010 and 2011 than in 2012 and 2013 
(Figure 2). A multiple comparison of years showed that there was a significant difference 
in muck depth from 2010 to 2013 at the BCRA (ANOVA, F= 45.9723, p<0.001). The 
Tukey HSD multiple comparison test showed that muck depth in 2010 (p always < 0.003) 
differed from all other years, and 2011 (p always <0.001) also differed from all other 
years at the BCRA. However, muck depth did not differ between 2012 and 2013 at the 
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BCRA (p=0.8222). t tests showed that no sites differed significantly (p always >0.3) in 
muck depth between 2012 and 2013. 
In 2012, there was a tendency for greater muck depth at the southernmost sites, 
although Big Killarney had a slightly greater depth of muck than Little Killarney. 
However, there was no significant difference in muck depth among sites in 2012 
(ANOVA, F=1.7639, p=0.1461). In 2013, the southernmost sites also had a tendency for 
greater muck depth, and randomized block ANOVA detected a consistent difference 
among sites (F=3.6632, p=0.0061). BCRA and Wenona tended to have the greatest muck 
depth, while Cottage Grove, Lebourdais and Linwood had the least muck; however, the 
Tukey-style multiple comparisons were unable to determine which sites differed 
significantly. 
 
 
Figure 2. Average depth of muck (cm) and standard error from 2010 to 2013. In 2010 and 2011 
measurements were taken only at the BCRA. At Cottage Grove, Lebourdais and Linwood muck had no 
depth when present in 2012 and 2013. 	  
 
0 
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Distance from the Waterline to the Lakeward end of Muck 
Big Killarney had the greatest distance from the waterline to the lakeward end of 
muck in 2012 and 2013. Temporally, distance from the waterline to the lakeward end of 
muck did not differ among years at the BCRA (p=0.7061), Wenona (p=0.7052), Little 
Killarney (p=0.7038) and Big Killarney (p=0.1456). Spatially, the distance from the 
waterline to the lakeward end of muck differed among sites in 2012 (ANOVA, 
F=13.4304, P<0.001). The Tukey HSD multiple comparison test showed that Big 
Killarney differed from all sites (p always < 0.002), and Cottage Grove, besides differing 
from Big Killarney (p<0.001), also differed from Little Killarney (p=0.0427). The 
maximum measurement of distance from the waterline to the lakeward end of muck was 
greater at Big Killarney in 2012 than at any other site in both years (Figure 3). This 
distance was approximately three times greater than at Little Killarney, which was the 
site that had the second greatest measurement. Randomized block ANOVA detected a 
difference among sites in 2013 (F=2.9870, p=0.0180). BCRA, Little Killarney and Big 
Killarney tended to have the greatest distance from the waterline to the lakeward end of 
muck, while Cottage Grove, Lebourdais and Linwood had the shortest distance; however, 
the Tukey-style multiple comparisons were unable to determine which sites differed 
significantly. There was no significant correlation between the distance from the 
waterline to the lakeward end of muck and muck depth at the BCRA (r=-0.0274, n=13, 
p>0.5) (Figure 4), Little Killarney (r=0.1193, n=11, p>0.5), Big Killarney (r=0.3110, 
n=8, p>0.2); however, there was a significant positive correlation at Wenona (r=0.6131, 
n=12, p<0.05). 
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Figure 3. Average distance from the waterline to the lakeward end of muck (m) and standard errors for  
2012 and 2013. The star indicates sites that significantly differed from the other sites in that year. There 
were no accumulations of muck at Cottage Grove, Lebourdais and Linwood. 
 
 
 
Figure 4. There was no correlation between the distance from the waterline to the  
lakeward end of muck and the depth of muck at the BCRA in 2012 and in 2013. 
 
 
Distance from the Waterline to the Landward end of Muck 
There was a significant difference in distance from the waterline to the landward 
end of muck among years (2011 to 2013) at the BCRA (ANOVA, F=10.1626, P=0.0019). 
At the BCRA, the distance from the waterline to the landward end of muck was higher in 
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2011 than in 2012 and 2013 (Figure 5). The Tukey HSD multiple comparisons test 
showed that 2012 (p=0.003) and 2013 (p=0.003) significantly differed from 2011, and 
2012 and 2013 did not differ (p=0.9754) in distance from the waterline to the landward 
end. Pearson correlation analysis showed that the distance from the waterline to the 
landward end of muck was significantly positively correlated to the average depth of 
muck at the BCRA (r=0.8829, n=16, p<0.001) (Figure 6). 
 
 
Figure 5. Average distance from the waterline to the landward end of muck (m) and  
standard error at the BCRA from 2011 to 2013. The star indicates years that  
significantly differed from the others. 
 
 
Figure 6. Average depth of muck and distance from waterline to the landward end of muck  
were positively correlated at the BCRA. 
0	  5	  
10	  15	  
20	  25	  
30	  35	  
40	  45	  
2011	   2012	   2013	  
D
is
ta
nc
e	  
fr
om
	  th
e	  
w
at
er
lin
e	  
to
	  th
e	  
en
d	  
of
	  
m
uc
k	  
on
	  b
ea
ch
	  (m
)	  
0	  5	  10	  
15	  20	  25	  
30	  35	  40	  
0	   10	   20	   30	   40	   50	   60	   70	  
M
uc
k	  
D
ep
th
	  (c
m
)	  
Distance	  from	  the	  waterline	  to	  the	  end	  of	  muck	  on	  beach	  (m)	  
2013	  2012	  2011	  
	   27	  
The two southernmost sites (Wenona and BCRA) had the greatest distance from 
the waterline to the landward end of muck in 2012 and in 2013 (Figure 7). In 2012, there 
was not a significant difference in distance from the waterline to the end of muck on 
beach among sites (ANOVA, F=1.8181, p=0.1346). However, there was a significant 
difference in distance among sites in 2013 (ANOVA, F=9.6054, p<0.001). The Tukey 
HSD multiple comparison test showed that Wenona, BCRA and Little Killarney differed 
from Big Killarney, Lebourdais, Cottage Grove and Linwood (p always < 0.0147). 
However, Wenona, BCRA and Little Killarney did not differ among themselves (p 
always >0.3564). Pearson correlation analysis showed that the distance from the 
waterline to the landward end of muck were significantly positively correlated at Little 
Killarney (r=0.6966, n=11, p<0.02) and Big Killarney (r=0.8229. n=8, p<0.02). At 
Wenona the positive correlation approached significance (r=0.5471, n=12, p<0.1). 
 
 
Figure 7. Average distance from the waterline to the landward end of muck (m) and standard errors for 
2012 and 2013. Sites marked with a star significantly differed from all the other sites, but did not differed 
among each other within a year. There were no accumulations of muck at Cottage Grove, Lebourdais and 
Linwood. 
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Environmental Conditions and Muck Deposition 
Wind speed, wind direction and significant wave height. In 2010, the greatest 
muck accrual was observed in late June. In 2010, winds were mostly westerly and 
northwesterly during the summer season, but we observed that prior to observations of 
muck deposition on June 22 and June 28, easterly winds predominated on the day before 
muck deposition, and there was an increase in muck depth from June 21 to June 22 
(Figure 8). Similarly, an increase in muck deposition was observed in July 13, and 
northerly winds predominated in July 12. However, later in the summer, easterly winds 
were not associated with muck deposition. On June 24 there was a decline in muck depth, 
and between June 22 and June 24 the wind was blowing from west or northwest (Figure 
8). There was no apparent relationship between muck depth and wind speed. 
 
Figure 8. Wind speed, wind direction and muck depth at the BCRA in 2010. 
 
In 2012, the greatest muck accrual was observed in late June. For a period of two 
weeks prior to the muck accrual observed on June 27, daily wave height varied from 0.1 
and 0.35 meters. During this period, we observed daily variations in northerly and 
westerly winds following a period of easterly winds. However, we do not know exactly 
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when during this period (June 13 to June 27), muck deposition occurred. When a decline 
in muck depth was observed between June 27 and July 12, lower waves (daily averages 
mostly between 0.03 and 0.07 meters) and easterly and northeasterly winds were more 
common. A few days of higher average wave height (~0.27 meters) were observed before 
the observation of this decline in muck depth (Figure 9). There was no apparent 
relationship between wind speed and muck depth. 
 
Figure 9. Significant wave height, wind speed, wind direction and muck depth at the BCRA in 2012. 
 
In 2013, the greatest muck accrual was observed in early August. Two weeks 
prior to this muck accrual observed on August 8, wave height did not vary greatly (0.2 to 
0.48 meters). However, there was a variation between northerly and westerly winds 
during this period. Decline in muck depth were preceded by lower waves (mostly 
between 0.1 and 0.25 meters) from June 14 to June 26. However, there were some single 
days where the average of wave height was up to or above 0.5 meters. In 2013, wave 
height appeared to increase as wind speed increased (Figure 10).  
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Figure 10. Significant wave height, wind speed, wind direction and muck depth at the BCRA in 2013. 
 
 
Temperature and Lake Water Level. In all years, the highest water temperature 
was registered in mid-July (Figure 11, 12 and 13). In 2010 there was no record of water 
temperature for May and early June, but we observed that in 2010 the waters warmed 
earlier than in 2012 and 2013, and we also observed greater muck depth in 2010 (Figure 
11) than in 2012 (Figure 12) and 2013 (Figure 13). No sharp change in water temperature 
was observed before any muck deposition event. 
Water levels varied slightly among years. There was a decrease in water level 
from 2010 to 2013. The water level changed from 176.11m in 2010 to 176.04m in 2011, 
and muck depth increased in 2011. In 2012, the water level was 175.94m, and muck 
accrual was drastically decreased. A slight decrease in water level was observed in 2013 
(175.9m) and there was an increase in muck accrual (2012=1.8cm, 2013=3.75cm). From 
2010 to 2011 and from 2012 to 2013 we see a decrease in water level and an increase in 
muck accrual, but the same didn’t happen from 2011 to 2012 (Figure 14). Pearson 
correlation analysis showed a generally positive relationship between annual water level 
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and mean annual muck depth, but this correlation was not statistically significant, perhaps 
due to the small sample size (r=0.5495, n=4, p>0.02) (Figure 14). 
 
 
Figure 11. Water surface temperature and muck depth at the BCRA in 2010. 
 
 
Figure 12. Water surface temperature and muck depth at the BCRA in 2012. 
 
 
 
 
 
	   32	  
 
Figure 13. Water surface temperature and muck depth at the BCRA in 2013. 
 
 
Figure 14. Correlation between annual average muck depth and annual average Lake Huron  
water level in Saginaw Bay.  
 
 
Muck Composition 
In the field, fifty-seven percent of the muck from 2010 to 2013 (in all sampling 
sites) was composed of visually unidentifiable material (brownish amorphous material), 
while 43% of the muck was visually identified as fresh material (algae and macrophytes). 
Considering the combined macro and micro scale dataset, the BCRA had the lowest algal 
contribution to muck composition in 2012, while in 2013 the BCRA had the second 
0	  5	  
10	  15	  
20	  25	  
30	  
175.85	   175.9	   175.95	   176	   176.05	   176.1	   176.15	  Annu
al
	  A
ve
ra
ge
	  D
ep
th
	  	  
of
	  M
uc
k	  
(c
m
)	  
Water	  Level	  (m)	  
2010	  2011	  2012	  2013	  
	   33	  
lowest algal contribution to muck composition (Figure 15). We observed that in 2013, the 
algal contribution to the muck composition (macroscopic and microscopic scale data 
combined) decreased from northern to southernmost sites (Figure 15). 
 
 
Figure 15. Algal contribution to muck composition in 2012 and 2013. The BCRA had the lowest 
percentage of algal contribution to muck composition in 2012 and 2013. Linwood = northernmost, Wenona 
= southernmost. Algal percentage is represented by macroscopic and microscopic data combined. 
 
  
A PCA of muck composition captured 39.6% of the variation in the data set (Fig 
1, 22.6% Axis 1, 17% Axis 2) (Figure 16). Muck composition did not differ among 
sampling months (MANOVA, p=0.9650), but did differ among sites (MANOVA, 
F=7.025, p<0.001). This difference in muck composition was captured in axis 1, but not 
axis 2 scores (ANOVA, Axis 1:F=13.939, p<0.001, Axis 2: F=1.453, p=0.199). 
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Figure 16. Principal Component Analysis. There were three main groups of muck: 1) Cladophora, 2) 
Oedogonium, Mougeotia and whole macrophytes, 3) amorphous material, diatoms and microscopic plant 
fragments. The components of each group had a tendency to co-occur when they were present. 
 
 
Overall, the most represented categories were amorphous material, Cladophora, 
Oedogonium, microscopic plant fragments, diatoms, whole Macrophytes and Mougeotia 
(Figure 16). The combined macro and micro data for muck composition showed that the 
muck composition at the BCRA differed from that at all other sites (p always < 0.001, 
Bonferroni-adjusted p=0.0024). The percentage of amorphous material, microscopic 
plant material and diatoms was higher at the BCRA then at the other sites (Table 5 and 
Figure 16). Muck at the southernmost sampling sites (Wenona, BCRA and Little 
Killarney) tended to have the highest percentages of amorphous material, while muck at 
the northernmost sites (Linwood, Lebourdais and Cottage Grove) tended towards higher 
percentages of fresh algae fouling the shoreline (Table 6). Besides differing from BCRA 
in muck composition, Little Killarney also differed from Linwood (F=8.6134, p=0012). 
Amorphous	  material 
Microscopic	  plant	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Diatoms 
Mougeotia Oedogonium 
Whole	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Green filamentous algae and Charophytes were well represented at Linwood, where they 
were found suspended in the water. Linwood had the highest percentage of fouling by 
filamentous green algae (Table 6).  
 
Categories	  
Mean	  Percentage	  and	  Range	  
BCRA	   Wenona	   Little	  Killarney	   Big	  Killarney	   Cottage	  Grove	   Lebourdais	   Linwood	  
Amorphous	  Material	   27.4	  	  (0-­‐60)	   13.1	  (0-­‐40)	   15.3	  (0-­‐47)	   9.6	  (0-­‐30)	   5.3	  (0-­‐20)	   2	  (0-­‐5)	   4.3	  (0-­‐13)	  
Microcystis	   6.2	  (0-­‐80)	   1.74	  (0-­‐10)	   11.8	  (0-­‐97)	   18.7	  (0-­‐95)	   4.6	  (0-­‐20)	   21.8	  (0-­‐97)	   6.9	  (0-­‐28)	  
Other	  Blue	  Green	  Algae	   0.7	  (0-­‐10)	   0.8	  (0-­‐10)	   2.3	  (0-­‐30)	   1	  (0-­‐6)	   0.6	  (0-­‐5)	   0	   0.6	  (0-­‐2)	  
Microscopic	  	  
Plant	  Fragments	   19.4	  (0-­‐65)	   10.4	  (0-­‐40)	   6.3	  (0-­‐40)	   2	  (0-­‐10)	   2.5	  (0-­‐7)	   0	   1	  (0-­‐20)	  
Animal	  Material	   10.4	  (0-­‐40)	   0.8	  (0-­‐5)	   2.8	  (0-­‐25)	   0.5	  (0-­‐3)	   1	  (0-­‐5)	   1.2	  (0-­‐5)	   0.7	  (0-­‐6)	  
Diatoms	   15.8	  (1-­‐50)	   13.9	  (0-­‐50)	   10.7	  (0-­‐44)	   5.4	  (0-­‐15)	   9	  (0-­‐60)	   3.6	  (0-­‐12)	   2.4	  (0-­‐5)	  
Oedogonium	   5.5	  (0-­‐68)	   18.1	  (0-­‐64)	   17.2	  (0-­‐58)	   21.5	  (0-­‐65)	   11.1	  (0-­‐50)	   22.8	  (0-­‐94)	   19.1	  (0-­‐94)	  
Microspora	   0.1	  (0-­‐3)	   0	   0.3	  (0-­‐5)	   0.7	  (0-­‐5)	   0.6	  (0-­‐5)	   0	   0	  
Zygnematales	   0	   0	   5.5	  (0-­‐85)	   0	   0	   0	   0	  
Mougeotia	   2.9	  (0-­‐44)	   4.8	  (0-­‐28)	   5.7	  (0-­‐32)	   15.1	  (0-­‐30)	   11.5	  (0-­‐100)	   6.6	  (0-­‐25)	   11.9	  (0-­‐100)	  
Zygnema	   0	   0	   0	   0	   0	   0	   3	  (0-­‐25)	  
Spirogyra	   0.04	  (0-­‐1)	   0	   0	   0.1	  (0-­‐1)	   5.4	  (0-­‐89)	   0	   4.6	  (0-­‐26)	  
Cladophora	   4.9	  (0-­‐33)	   22.1	  (0-­‐84)	   4.9	  (0-­‐30)	   12.5	  (0-­‐25)	   24.3	  (0-­‐85)	   26.3	  (0-­‐100)	   21.6	  (0-­‐65)	  
Compsopogon	   0	   0.8	  (0-­‐9)	   0	   0	   0	   0	   0.2	  (0-­‐2)	  
Rhizoclonium	   0	   0.6	  (0-­‐10)	   0	   0	   0.9	  (0-­‐18)	   0	   11.5	  (0-­‐77)	  
Hydrodiction	   0	   0.6	  (0-­‐10)	   0	   0	   1.1	  (0-­‐20)	   0	   2	  (0-­‐20)	  
Pediastrum	   0.06	  (0-­‐3)	   0.6	  (0-­‐5)	   0.4	  (0-­‐7)	   0.3	  (0-­‐2)	   1.9	  (0-­‐25)	   0	   0.1	  (0-­‐1)	  
Scenedesmus	   0	   0	   0.6	  (0-­‐10)	   0	   1.1	  (0-­‐20)	   0.6	  (0-­‐3)	   0	  
Cosmarium	   0.1	  (0-­‐3)	   0.1	  (0-­‐2)	   0.8	  (0-­‐15)	   0.2	  (0-­‐2)	   1.2	  (0-­‐20)	   0	   0.1	  (0-­‐1)	  
Trebonema	   0.2	  (0-­‐10)	   0	   0	   0	   0	   0	   0	  
Green	  Colonies	   0	   0	   0	   0	   1.1	  (0-­‐19)	   0	   0	  
Unknown	  Filamentous	  	  
Green	  Algae	   0	   0	   0.1	  (0-­‐2)	   0	   0.5	  (0-­‐10)	   0	   0	  
Whole	  Macrophytes	   4.5	  (0-­‐90)	   12.6	  (0-­‐100)	   9.4	  (0-­‐95)	   8.6	  (0-­‐40)	   8.6	  (0-­‐95)	   0	   3	  (0-­‐30)	  
Chara	   0.6	  (0-­‐30)	   0	   3.4	  (0-­‐25)	   6.4	  (0-­‐45)	   6	  (0-­‐50)	   12.5	  (0-­‐50)	   9	  (0-­‐50)	  
Table 5. Mean percentages and ranges per muck composition category, including data from 2010 to 2013. 
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SITE	  
Mean	  Percentage	  of	   Mean	  Percentage	  of	  All	  
Amorphous	  Detritus	   Filamentous	  Green	  Algae	  
Wenona	   13.1	   45.6	  
BCRA	   27.4	   14.63	  
Little	  Killarney	   15.3	   33.7	  
Big	  Killarney	   9.6	   49.9	  
Cottage	  Grove	   5.3	   54.3	  
Lebourdais	   2	   55.7	  
Linwood	   4.3	   71.7	  
Table 6. Mean percentages of amorphous material and filamentous green algae found  
in muck samples collected from 2010 to 2013 at each sampling site. The percentages  
represent combined macroscopic and microscopic data for muck composition. 
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Discussion 
 
Spatial and Temporal Patterns of Muck Presence, Abundance and Depth 
At the BCRA, muck depth varied considerably among years and across the 
summer season. Large muck depths were observed at the BCRA in 2010 and 2011, with 
the greatest muck depth in 2011. Stow et al. (2014) also reported muck depths in excess 
of over 60 cm at the BCRA in 2011. At the BCRA, the greatest depths were observed 
later in the summer season in 2012 and 2013 (Figures 12 and 13), while in 2010 the 
greatest muck depths were registered early in the season (Figure 11), which may be due 
to the early warming of the waters in 2010. 
Greater muck abundance later in the growing season may be due to an increase in 
plant and algal biomass over the summer season as the water becomes warmer. Maximal 
filamentous green algal biomass has been reported to occur between June and early July 
in inner Saginaw Bay (Francoeur et al., 2014), and June to August in outer Saginaw Bay 
(Lowe and Pillsbury 1995). Cladophora generally reaches maximum biomass between 
mid-June to mid-July in the Great Lakes (Higgins et al., 2008). Since algae compose at 
least part of the muck, greater muck depth may be a consequence of greater algal 
biomass. 
Muck deposition varied across surveying locations. Presence of muck was mostly 
observed at the southernmost sites, mostly at the BCRA, and absence of muck was 
mostly recorded at the northernmost sites in 2012 and 2013. Greater muck abundance 
(based on field observations) was also found towards the southernmost sites. This greater 
accumulation of muck in the southernmost sites may be due to northerly winds and/or 
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great variation in daily average wind direction, which were common before muck accrual 
was observed. Further, fresh fouling material may move from the northernmost sites 
towards south by the action of waves. According to Stow (2014), the park ranger 
cogitated that a muck deposition event was caused by northerly winds. 
In addition, the shoreline at the BCRA seems to contribute to higher muck 
accumulation at this site. Stow (2014) observed that muck accumulated in inlets along the 
shoreline in Saginaw Bay and that currents converge in the same area where the BCRA is 
located, favoring muck deposition at these points. Barton et al. (2013) also observed that 
accumulation of algae on the shoreline of Eastern Lake Huron was associated with a 
shoreline that could interrupt longshore currents and allow accumulation of muck by 
wave action. 
Muck accumulations were much higher in 2010 and 2011 than in 2012 and 2013. 
It is known that phosphorus is the limiting factor for algal growth in Saginaw Bay (Lowe 
and Pillsbury 1995, Winslow et al., 2014, Francoeur et al., 2015), but phosphorus 
concentrations in Saginaw Bay have been reduced from the 1980s to 2010. Furthermore, 
a decrease in total phosphorus loading in Saginaw Bay was estimated for 2010, while an 
increase in total phosphorous loading was estimated for 2011 (Stow et al., 2014). One 
could suggest that reduction in muck in 2012 and 2013 could be due to reductions in 
phosphorus loadings, but it seems unlikely that any reductions in phosphorus loading 
could have been as sizable as the observed decline in muck. Furthermore, reductions in 
phosphorus levels in Saginaw Bay would not immediately limit the growth of rooted 
macrophytes, since they obtain most of the phosphorus from the sediment and not 
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directly from the water (Wetzel, 2001), and we observed that macrophytes were an 
important component of Saginaw Bay muck. 
The invasion of Dreissena has also been associated with increased algal biomass 
in Saginaw Bay (Lowe and Pillsbury, 1995). Dreissena 1) increases phosphorus levels by 
transforming particulate phosphorus into a form that is available to be used by algae 
(Higgins et al., 2012, Hecky et al., 2004), 2) is a substrate for benthic algae growth 
(Burlakova et al., 2012) and 3) it increases water clarity (Auer et al., 2010). Models have 
shown that light, phosphorus availability and substratum during the period of Dreissena 
establishment, are the most reasonable explanation for the comeback of Cladophora 
blooms (Auer et al., 2010). Barton et al. (2013) found that the abundance of mussels and 
filamentous green algae were strongly correlated in Lake Huron. In Saginaw Bay, 
Francoeur et al. (2014) observed that more filamentous green algae were found growing 
in areas where Dreissena was found. On a shoreline fouling study on eastern Lake Huron, 
Barton et al. (2013) found filamentous green algae only attached to mussels, which 
suggests that Dreissena have contributed to increased algal biomass and consequently to 
increased shoreline fouling. Although Dreissena levels have decreased since the 1990’s, 
phosphorus levels have remained high since the Dreissena invasion (Stow et al., 2014). 
Dreissena may play a role in increasing algal growth, but differently from the other Great 
Lakes, as muck was already a problem in Saginaw Bay before the invasion of Dreissena 
(Stow, 2014). 
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Distance From the Waterline to the Lakeward end of Muck and to the Landward 
end of Muck 
The distance from the waterline to the landward end of muck was correlated to 
muck depth, suggesting that these two aspects of muck abundance and spatial extent are 
controlled by the same underlying factors. Consequently, any control strategies or 
predictive models appropriate for one of these aspects should also be appropriate for the 
other. The greatest distances from the waterline to the landward end of muck and muck 
depths were observed at the BCRA. 
In contrast, distances from the waterline to the lakeward end of muck were not 
generally related to muck depth at several sites (Big Killarney, Little Killarney and 
BCRA). This suggests that additional factors (perhaps site-specific hydrology or 
shoreline morphology) influence this aspect of muck deposition. 
 
Muck depth and Environmental Conditions 
Wind speed, wind direction, and significant wave height. There was not a 
simple pattern between wave height and muck depth at the BCRA. In theory, wave height 
could promote shoreline fouling by algae when the wave action is constant and sufficient 
to dislodge algae and transport them to the beaches (Barton et al., 2013). However, 
Barton et al. (2013) did not find a positive correlation between wave height and fouling 
by Cladophora in Southeast Lake Huron (Barton et al., 2013), but did report a 
relationship between muck depth and the constructed variable of maximum sustained 
wave height x consecutive hours of onshore winds. At the BCRA, wave height alone does 
not seem to be the determinant factor for shoreline fouling, especially fouling by 
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filamentous green algae, which were the most common taxa found in the muck. Other 
factors, such as wind direction, direction of currents and early warming of waters, may 
also affect shoreline fouling. However, we don’t know when exactly muck deposition 
occurred in between surveys. Beach surveys were done approximately every two weeks. 
Therefore, more frequent surveys are necessary to determine whether increase in muck 
accrual occurs after high wave events or if wind direction plays a major role in muck 
deposition. 
Northerly winds and/or great variations in wind direction may have caused most 
of the muck accrual at the BCRA. Muck accumulation at the BCRA may be a 
combination of northerly winds moving muck from northern to southern shorelines and 
the detachment of benthic algae growing in the inner bay. Surveys have shown that there 
are benthic algae growing in the west side of the inner bay (Francoeur et al., 2014). In 
addition, greater variations in wind direction for consecutive days may agitate the waters 
and detached algae circulating in the bay may be deposited on the shores when wind 
direction changes to an appropriate direction. Stow (2014) suggested that decaying 
material circulates in the bay and eventually is washed ashore by the action of waves and 
winds. This may explain the greater muck deposition in late summer on the southwest 
shoreline observed at the BCRA, and it is consistent with our observations of the 
predominance of amorphous material at this site in 2012 and 2013. 
 
Temperature and lake water level. There was an early warming of water in 
Saginaw Bay in 2010. In all years, the highest water temperature was registered in early 
or mid July, but in 2010, water temperatures reached 20.74°C by June 17, whereas in 
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other years 20.8°C was not attained until June 22 in 2012 and June 23 in 2013. Early 
warming waters could cause an early peak of filamentous green algae (Francoeur et al., 
2014) and therefore contribute to earlier or greater muck accumulation. Therefore, these 
early warming waters could have promoted early filamentous green algae blooms and 
increased shoreline fouling in 2010. 
Warmer water at the near shore may increase algae growth in that area. We would 
expect that the water temperature near the shore (shallower water) would be higher than 
the water temperature at the buoy location (located offshore at approximately 11 meters 
deep in the water). A nearshore-offshore contrast in water temperature might be an 
important predictor of benthic algal growth; in Lake Ontario, beach closure due to algal 
fouling was correlated to the water cumulative temperature contrast between nearshore 
and offshore waters (Vodacek, 2012). Large nearshore-offshore temperature contrasts 
from late April to early June in Lake Ontario were related to algal deposition on the shore 
one or two months later, presumably because the warming and stratification of nearshore 
Lake Ontario water in the spring favored Cladophora growth in the summer (Vodacek, 
2012). It is questionable whether this phenomenon is important in Saginaw Bay. The 
inner bay has a maximum depth of 14 meters (Freedman, 1974); therefore, Saginaw Bay 
may not show much vertical stratification. In addition, our surveys showed that 
Cladophora is not the only component of the muck in Saginaw Bay.  
Weather conditions could impact heating and algal accumulation. Changes in 
water temperature could be due to variations in wind direction; and wind direction, when 
favorable, could push algae towards the beach (Vodacek, 2012). However, analysis by 
Higgins et al. (2012) using a Cladophora growth model showed that variations in water 
	   43	  
clarity or temperature could not account for increases in Cladophora biomass in 
shallower depths in Lake Ontario, but phosphorus was the limiting factor for increase in 
algal biomass in these shallow areas. However, Higgins et al. (2012) demonstrated that 
there could be some more complex relationships between phosphorus concentrations and 
Cladophora biomass; large Cladophora mats will uptake phosphorus and decrease the 
amount of phosphorus in the water column, and these Cladophora mats will also be a 
barrier for the flow of phosphorus excreted by Dreissena near the sediment. 
High water temperatures have been suggested to cause Cladophora die-offs in the 
Great Lakes (e.g., Lorenz and Herdendorf, 1982; Neil and Jackson, 1982), which might 
logically be expected to result in muck deposition. Francoeur et al. (2014) found no 
evidence for temperature-induced crashes of filamentous algae in Saginaw Bay; 
similarly, we saw no evidence suggesting discrete, temperature-induced muck deposition 
events. 
Lake water levels might also impact muck accrual. Increased muck deposition is 
sometimes attributed by residents to low water levels (Stow, 2014). From 2010 to 2011 
and from 2012 to 2013 we observed decrease in water level and increase in muck accrual, 
but this pattern did not hold from 2011 to 2012. The drastic reduction in muck depth from 
2011 and 2012 might be due to other environmental conditions, for instance, the direction 
of water currents. With only four years of data, discerning any interannual pattern is 
difficult. The influence that changes in water level might have on shoreline fouling is still 
unclear (Harris, 2004). 
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Muck Composition 
Muck composition varied among sites, but it did not vary consistently across the 
growing season. Although statistical analysis showed that there was not a significant 
difference in muck composition during different months of sampling, we tended to 
observe more amorphous material, diatoms, and Microcystis later in the season. On the 
other hand, sampling sites differed in muck composition. At Linwood, Lebourdais and 
Cottage Grove, muck was mainly composed of fresh material. In Big Killarney, Little 
Killarney and Wenona, muck was a mix of fresh and amorphous material. At the BCRA, 
muck was mainly amorphous material, and it is consistent with observations from 2009 to 
2012 which showed that at the BCRA muck deposition was mainly composed of 
decomposed material that could not be identified (Stow, 2014). In 2013, we observed that 
the macroscopic and microscopic identifiable algal contribution to the muck composition 
decreased from the northernmost site (Linwood) to the southernmost site (Wenona). Stow 
(2014) also observed that the shoreline of beaches located north of the BCRA was fouled 
by material less decomposed and identifiable. Microscopic analysis of amorphous 
material showed that a portion of it was composed of decomposing algae, microscopic 
plant fragments and diatoms, but the largest portion of the macroscopic amorphous 
material was still unidentifiable even examined under the microscope. This supports the 
suggestion of Stow (2014) that decaying material circulates in the bay and eventually it 
washes ashore. In addition, it also supports that suggestion that muck at the BCRA is 
composed of material that have been washed from the northernmost sites. 
Unlike most Great Lakes beaches, macrophytes contributed to beach fouling in 
Saginaw Bay. Phosphorus is known to increase algal biomass in Saginaw Bay (Lowe and 
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Pillsbury 1995, Winslow et al., 2014, Francoeur et al., 2015), and overall phosphorus 
concentrations in Saginaw Bay have been reduced from 1980s to 2010 (Stow et al., 
2014). However, reduction in phosphorus loading would not likely limit the growth of 
rooted macrophytes since they obtain phosphorus from the sediment and not directly 
from the water (Wetzel 2001). 
Unlike many other areas of the Great Lakes, Chara was also common in the muck 
at our northern sites, where it was usually found fresh on the shores or suspended in 
water. Growth of Charophytes in the inner bay was previously observed in the Bay, 
adjacent to our northernmost sites (Francoeur et al., 2014). Charophytes have been 
previously reported fouling southeast Lake Huron beaches, where they comprised ~30% 
(by weight) of algae stranded on the shoreline (Barton et al., 2013). Excess Charophyte 
growth in the Great Lakes is likely to be caused by the same factors that fuel Cladophora 
growth (Higgins et al., 2008). 
Like many other Great Lakes beaches, Cladophora was commonly observed as 
part of the beach muck in Saginaw Bay. Cladophora is currently the major algae fouling 
the Great Lakes beaches (Higgins et al., 2008). In Saginaw Bay, we observed it in the 
muck at most sites, but especially at Cottage Grove, Wenona and Linwood. Growth of 
filamentous algae (including Cladophora) in the inner bay was previously observed in the 
Bay, adjacent to our northernmost sites (Francoeur et al., 2014). 
Besides Cladophora, we also found other filamentous green algae fouling the 
beaches, suggesting a more complex condition than the other Great Lakes, which have 
been fouled mostly, if not only, by Cladophora (Hecky et al., 2004). We found that 
Saginaw Bay beaches were fouled by seven taxa of filamentous green algae (Cladophora, 
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Oedogonium, Mougeotia, Spirogyra, Zygnema, Rhizoclonium and Microspora) and 
carophytes. The macroscopic benthic production in inner Saginaw Bay in 2009 and 2010 
was dominated by filamentous green algae (Caldophora, Oedogonium, Spirogyra, 
Mougeotia, Zygnema, Ulothrix and Microspora) and charophytes (Francoeur et al., 
2014). Therefore, we see that the macroscopic algal taxa accumulated on the near shore 
reflect the taxa of algae growing in the inner bay. This same pattern was also found in 
eastern Lake Huron (Barton et al., 2013).  
There were two discrepancies between a previous algal survey in the inner bay 
(Francoeur et al., 2014) and algal taxa we found in the muck. We did not observe 
Ulothrix in the muck. Ulothrix was considered rare in the 2009 and 2010 surveys and it 
was only observed in early spring, before water temperatures reached 12°C (Francoeur et 
al., 2014). Therefore, the lack of Ulothrix in the muck samples is not surprising since 
muck surveying started in May and water temperatures were already above 12°C. 
Rhizoclonium was a common taxon in the muck, but this taxon was not reported in the 
algal survey in the inner bay. The algae growing in the inner bay was surveyed in 2009 
and 2010 (Francoeur et al., 2014), and Rhizoclonium was only observed in the muck in 
2013. Therefore, the temporal distance between the benthic algal and the muck surveys 
and interannual differences in algal community composition could account for the lack of 
compatibility between the two facts. 
 Compsopogon was a rare taxon found in the muck. It was only seen in muck 
samples from July of 2012 and it was represented by a very low percentage of these 
samples. Compsopogon was first found in central Lake Huron at depths of 21m (Manny 
	   47	  
et al., 1991), and later was also found at low abundance in inner Saginaw Bay  
(Francoeur et al., 2014). 
 Besides Cladophora, other filamentous green algae such as Spirogyra and 
Mougeotia had been previously found fouling the shores of Saginaw Bay (Lowe and 
Pillsburry, 1995). As previously noted, these other filamentous green algae (e.g., 
Spirogyra, Mougeotia, Zygnema) are less strongly attached to the lakebed than 
Cladophora, and thus could be detached by relatively weak waves or currents, which 
would not detach Cladophora (Francoeur et al., 2014). Differences in algal attachment 
strength could obscure simple wave action-muck deposition relationships, as waves 
sufficiently strong to dislodge some algae would not be strong enough to dislodge others. 
Identifiable plant material (whole macrophytes and microscopic plant fragments) 
composed ~ 13% of muck, filamentous algae ~ 46% and Charophytes ~ 5%. These 
contributions differ substantially from their benthic biomass accruals in Saginaw Bay 
(6%, 39% and 56%, respectively, Francoeur et al., 2014). In particular, the relative 
contribution of plants to muck was far greater than their estimated fraction of biomass 
accrual. This discrepancy could be the result of Charophytes and filamentous algae 
decomposing much faster than vascular plants due to their lower lignin content (Ververis 
et al., 2007), and thus contributing greatly to the amorphous detritus component. 
Alternatively, plants from habitats not surveyed by Francoeur et al. (2014) (e.g., shallow 
areas < 0.5 m) could be especially important contributors to muck in Saginaw Bay. 
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Conclusions and Recommendations with Respect to Management 
There was a strong interannual variability in muck deposition. The reason for this 
remains unclear, but perhaps water levels or temperature plays a role. Weather conditions 
might play a role in muck deposition on the shoreline of Saginaw Bay, but a combination 
of factors that increase algal biomass and weather conditions may be causing muck 
accumulations. For instance, increase in phosphorus loading might increase algal 
biomass, and under favorable weather conditions, algae may be detached and washed 
ashore. 
The dominance of plant and algal material in muck indicate that beach fouling is 
likely a symptom of excessive plant and algal growth within the bay. Phosphorus is the 
limiting factor for filamentous algal growth in Saginaw Bay. However, phosphorus inputs 
in the Great Lakes (and in Saginaw Bay, to a lesser extent) have generally been reduced 
in the past years. Altered nutrient cycling and increased water clarity due to the invasive 
dreissenid mussels may be offsetting some of the beneficial effects of reduced 
phosphorus loading. 
An effective environmental monitoring program would help to manage the Great 
Lakes natural resources and consequently to maintain ecosystems, public health and 
economy. Since it is not possible to manage water levels, temperature, weather 
conditions, or reduce Dreissena mussels in Saginaw Bay, one must look at other 
management practices. A short-term action would be to educate the population about 
potential causes of shoreline fouling and engage them on volunteer activities (Harris, 
2004). For instance, the Milwaukee Community service corps has been cleaning washed 
up Cladophora from the beaches, and much more could be done if people from the 
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community would volunteer (Stauffer, 2004). Phosphorus management remains an 
important mechanism to reduce fouling by Cladophora (Auer et al., 2010), but modeling 
suggests reducing phosphorus inputs may not be enough to reduce Cladophora growth 
because of offsetting Dreissena impact on P-cycling (Auer et al., 2010) and other algae. 
However, such actions will likely have little effect on macrophytes growth, due to the 
sediment phosphorus sources available to macrophytes. 
Another effective action would be to monitor and remove muck soon after it 
washes ashore. This action would also keep plants and algae from decaying on the 
shoreline, avoiding sewage-like appearance and odor. It would also avoid conditions for 
proliferation of pathogens that could be a threat to human health (Englebert et al., 2008). 
However, depending on the extent of algae accumulation, certain methods like beach 
grooming may push decaying algae into the sand, thereby promoting E.coli growth 
(Harris 2004). Due to intense labor requirements, this approach is likely only feasible in 
limited areas. Further, it is necessary to develop a proper disposal method for all algae 
removed from the beaches. This would require further study and evaluation to find a 
solution that would be environmentally friendly, cost effective and suitable for a wide 
range of organic material. 
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